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ABSTRACT 
The outfit planning problem is concerned with the production activi-
ties for other than hull steel components of ships. Traditionally, out-
fitting has been viewed as a successor function to steel planning. Opinion 
is changing, however, and the current view is that production planning 
should integrate the two. 
For many outfit materials, the outfitting can be accomplished in any 
one of several production stages. The on-unit, on-block, on-board termin-
ology is reflective of these various production stages. It is widely 
recognized that early outfitting (on-unit or on-block vs. on-board) can 
have favorable impacts on cost, quality, and time to completion. It is 
also true that early outfitting requires coordinating the steel and out-
fitting schedules as well as closer control than is typical with tradi-
tional outfitting. 
This report describes in detail the outfit planning problem and pre-
sents some basic elements of a decision support system for outfit planners. 
A formal model is developed for the outfit planning problem and the poten-
tial use of this model in a decision support system is discussed. The 
model leads to a difficult optimization problem, and several promising 
solution strategies are identified. Finally, a program is described for 
empirical evaluation of the proposed decision support system. 
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1.0 THE PROBLEM 
The production of ships is a complicated and complex endeavor which 
is often compounded by the size, weight and design complexity of the pro-
duct. The purpose of the following report is to examine in depth one par-
ticular aspect of the planning problem associated with ship production. 
Although terminology is far from standardized in the industry, it is desir-
able to call the problem under study the outfit planning problem, because 
this seems to be a widely recognized phrase which conveys to almost every-
one in the shipbuilding industry at least some parts of the issues being 
addressed. In addition, this is consistent with the terminology recommended 
in a study conducted under the Maritime Administration sponsored research 
program of the Society of Naval Architects and Marine Engineers [7, 8]. 
For purposes of defining the problem, ship production requires four 
factors - facilities, labor, materials and expenses (e.g. sea trial). A 
useful oversimplification is to say that the materials fall into two cate-
gories - hull steel and "everything else." The term "hull steel" is meant 
to include all internal decks and major bulkheads but could omit, for exam-
ple, ladders, hatches, etc. Based on this categorization, the production 
activities can be broken into two distinct groups. 
The first, or steel phase activities, encompass all the activities 
associated with fabricating and assembling the hull steel. In common ter-
minology, this would include all steel related activities up to and includ-
ing complete ship erection. Note that, at this point, the specific produc-
tion methods relating to the fabrication of subassemblies, assemblies, etc., 
are not of concern. 
The second group encompasses all the activities associated with fabri-
cating and installing "everything else." Again oversimplifying, these are 
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called the outfitting phase activities. Conceptually at least, the outfit-
ting phase activities could come after the steel phase activities are com-
pleted. In fact, there is no need, conceptually, for the completed hull to 
remain in the ways, so the outfitting phase activities could follow float-
off. As a practical matter, of course, this would not be a feasible produc-
tion method because of the expense of opening up closed compartments to 
land equipment or to install piping, etc. 
This is obviously an extremely oversimplified view of the shipbuilding 
process. It does, however, capture much of the traditional concept of out-
fitting as a "successor function" [6]. That is, production often has been 
treated as two distinct phases with very little interfacing of the steel 
and outfit activities. 
Recognizing that it would be uneconomical or technically infeasible to 
completely separate these two phases of production, a very complex outfit  
planning problem arises: 
(1) specify alternative organizations of the outfit phase 
activities; 
(2) determine which outfit phase activities are to be pulled 
forward into the steel phase activity schedule; 
(3) integrate the scheduling of steel phase activities with those 
outfit phase activities which have been pulled forward. 
The attempt to integrate outfit and steel phase activities has been referred 
to as preoutfitting by some shipyards. In this report, preoutfitting will 
be used as a generic term to describe outfitting phase activities which are 
performed prior to float-off. Those yards that use the term preoutfitting 
generally have a much more specific definition, which is reflected in this 
report by a more specific set of terms to describe preoutfit options, i.e. 
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alternative methods for the implementation of preoutfitting. 
Even a small sample of U.S. shipyards reveals that there are no gen-
erally accepted methods or guidelines for preoutfitting. Indeed, there is 
no universal acceptance of preoutfitting as a normal production practice 
(except for a few obvious and fairly essential items). Perhaps one reason 
for this situation is the difficulty of evaluating the benefits and costs 
associated with increased levels of preoutfitting activity. 
In the first place, there are no standard methods for reorganizing 
outfit activities for preoutfitting. Obviously, the manner in which the 
preoutfit activities are defined has a tremendous impact, not only on their 
cost, but also on their interaction with the hull steel activities. 
Although almost every shipbuilder seems to feel that preoutfitting 
can reduce costs, there does not appear to be much hard data to support 
this position. Further complicating the problem is the assessment of the 
impact of preoutfitting on the steel erection schedule. It is very diffi-
cult to determine if any delay in the latter is acceptable and if so, how 
much. 
Finally, there is the difficulty of determining the criterion by which 
the benefits of preoutfitting should be measured. Traditionally, one of 
the overriding concerns was with maximizing the rate of steel erection. If 
this is to be the goal, then the opportunity for preoutfitting will be 
limited. If, however, the goal is to minimize the total production time, 
much more preoutfitting may be desirable. 
What is needed is an analytic methodology for assisting shipbuilders 
in making outfit planning decisions. Currently, no such methodology is 
available. This report summarizes the first year's work under a MarAd-
sponsored research contract which has as its ultimate goal the development 
of such a methodology. 
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1.1 ASSESSMENT OF STATE-OF-PRACTICE 
Shipyard production planners currently make decisions to assign par-
ticular work elements to preoutfit or outfit categories according to cer-
tain decision practices. A necessary component of the current research is 
an assessment of the state-of-the-practice including the factors which 
directly affect these decisions. The contents of this section result from 
telephone interviews and on-site visits encompassing four major U.S. ship-
yards. 
1.1.1 Initial Findings 
Initial findings reveal semantic differences with respect to shipyard 
use of the terms preoutfitting and outfitting. Further, the different pro-
duction methods of the yards are coincident with different levels of achieve-
ment of preoutfitting. It is not clear at this stage whether these differ-
ing production methods are fundamental to the differing achievement of pre-
outfitting. 
The semantics problem arises both in terms of the timing of a particu-
lar event and in the types of events to be counted. Some shipyards consider 
preoutfitting to cover the time span prior to launch while most others use 
erection as the demarcation time. Representatives from one yard consider 
the phrase preoutfitting to be much too limited and prefer to use terminol-
ogy from Japanese shipyards including "on-unit," "on-block" and "on-board." 
Outfitting on-unit implies the assembly of some interim product which 
consists exclusively of outfit materials. Outfitting on-block, on the other 
hand, is the installation of outfit components (may also be units) onto a 
hull structural assembly or block prior to its erection. Finally, outfit-
ting on-board implies the installation of outfit components or the performance 
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of outfit tasks during and after the ship erection process. This concept 
is illustrated in Figure 1.1. 
Other terms that reflect what might be viewed as specialized approaches 
to outfitting include "packaging," e.g. the racking of electronics on a 
foundation for installation as a unit, and "palletizing," e.g. the temporary 
mounting of related units on one plate for subsequent separation and final 
placement. 
In general, the tasks included in the phrase preoutfitting are those 
associated with piping, fixtures, ducting, wiring, electrical equipment, 
machinery, etc. but distinguished from bulkheads, decks, inner bottom pip-
ing, shell assemblies, etc. However, when various performance measures for 
production planning were examined with specific reference to percentage of 
preoutfitting achieved, the measurement problem and the semantic problem 
became confounded. Some yards measure preoutfit percentage by expenditures 
against budget in certain accounts although these accounts may also reflect 
hull steel work. Thus, a relatively high preoutfit percentage can typically 
be reported. Other yards might include cost elements for boilers and power 
plants in their estimation of percentage preoutfit. Thus, the lack of com-
patibility between yards on this single measure at this time is noted. On-
site observation of several yards revealed a wide disparity between preout-
fitting accomplishments. Because specific jobs in a yard at particular 
points in time may suffer from certain material delays or other conditions 
which do not reflect a normal level of preoutfitting, these single observa-
tions should be evaluated with caution. 
1.1.2 Organization for Production Planning and Production 
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type assembly style. One yard was a notable exception with a sophisticated 
rail and transfer car translation system and a style of production charac-
terized by subassembly aggregation into major ship sections. In each type 
of yard, fabrication shops for steel, sheet metal, piping and electrical 
components fed the various assembly and outfitting areas with shapes and 
partially fabricated components for installation. Launching is typically 
achieved by means of a platform or floating drydock. After launch, the 
ship is moved to a wet dock area for final outfitting, testing, painting, 
etc. 
Personnel organization seems quite varied. One yard was organized by 
labor craft, with a Superintendent over each craft, a Shipbuilding Super-
intendent and a Wet Dock Superintendent. Another yard was organized by 
profit centers which included steel fabrication, boiler shop and then pro-
duction trades with a Supervisor in each center. Most of the yards provid-
ing information were organized along the lines of the former description. 
Another pertinent facet of shipyard organization is the way in which 
initial or milestone planning is distinguished from implementation or pro-
duction scheduling. Most shipyards had one group performing a milestone 
planning function at a strategic planning level as part of the proposal 
activity for contracts. This planning group usually relied upon cost data 
from other groups in performing its function. After contract award, another 
group assumed responsibility to implement the plans and control the produc-
tion process, i.e. to perform at the tactical level. This attribute of 
shipyard organization is important and so the phrase milestone planning is 
used in this report to describe activities in the former area and the phrase 
production planning is used to do the same in the latter area. Since these 
phrases may be at odds with the titles of groups in various shipyards, the 
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reader is urged to note the general intent of the distinction and the func-
tions performed in each area. 
1.1.2.1 Milestone Planning 
The milestone planning activities are those related to the fabrication 
and production process but which occur as part of the concept design stage. 
In most yards, these activities include the setting of major milestone 
events, the sourcing and scheduling of material and equipment, the planning 
for resource loadings, and the initial breakdown of the ship into major 
producible elements. Plans developed at this stage generally guide the 
actual production process and hence significantly impact the preoutfitting 
capacity in production. For example, within manpower constraints, a short 
time span between keel laying and launch will likely limit the amount of 
preoutfitting that can be done. A launch date or erection date which pre-
cedes arrival of material, e.g. piping, will cause these components to be 
outfit rather than preoutfit. Similarly, significant fabrication prior to 
assembly and erection can impact the in-process storage capacity of the 
yard until keel laying,with fabricated sections then moving to erection. 
These milestone planning activities typically occur coincident with 
the Definition or Contract Design stage of the U.S. Navy conventional pro-
curement system in large shipyards where prior stages of design are pri-
marily Navy responsibility. They are strategic level activities. Several 
shipyards make use of network-based computer methods to aid in the planning 
of production at this design stage where such factors as resource loading, 
method of payment and "experience" can guide decisions about milestones and 
approaches to outfit plans. Typically, these major milestones reflect 
strategic decisions about overall resource loading on the yard. Several 
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shipyards are involved in the design and marketing of their own ships, 
hence potentially gaining significantly in production costs savings through 
repetition and the "learning curve" effect in production. 
1.1.2.2 Production Planning 
These activities are distinguished from milestone planning activities 
in that the conceptual planning done earlier in anticipation of contract 
can now be detailed and pushed into production after contract by means of 
production planning. These activities are categorized as tactical level 
activities. Once detailed drawings of the design are developed, these 
activities focus on breaking the production work down into tasks and group-
ing these tasks into work packages. The contents of the work packages are 
typically dictated by: 1) a scheduled total duration; and 2) a logical 
work method. After grouping and scheduling, the activities associated with 
monitoring and control for purposes of rescheduling include assessment of 
material and equipment availability, fabrication and assembly progress and 
outfitting progress. 
A number of the shipyards utilized a planning concept in which groups 
were defined from the detailed drawings. These groups constituted work 
packages required to complete the production of a logically consistent sub-
set of the ship. Groups become translated into man-hours of work and are 
used to determine the short interval schedules. These defined groups may 
also serve roles in cost accumulation and statusing. In nearly all ship-
yards contacted, explicit and primary concern in this scheduling endeavor 
was meeting the contracted deadlines or milestone points. These points are 
variously defined but generally include: start fabrication, lay keel, land 
and/or install major equipment, launch, sea trial and delivery. Since the 
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detailed scheduling is by and large confined to these deadlines, a failure 
to meet the milestone deadline is treated as more important than completing 
the tasks in the group. Thus, tasks involved with preoutfitting are moved 
to later erection stages or to outfitting when rescheduling to meet mile-
stone deadlines is done. 
The majority of shipyards indicated that "completion time/duration/ 
time on ways" were the principal performance measures for production plan-
ning. Explicit consideration of costs is apparently not done at this more 
detailed stage and other possible measures such as labor smoothing and per 
cent preoutfit were of only small importance. 
Computer use in detailed scheduling ranged from none in one shipyard 
through to heavy reliance in other shipyards where detailed scheduling by 
group within milestones is achieved with their software support systems and 
facets of control such as purchasing and inventory management are also 
accomplished. 
When planning for preoutfitting or outfitting tasks in the definition 
of groups, certain "dos," "don'ts" and "rules of thumb" appear to be in 
general use. Some items are considered as must preoutfit because they 
would be locked out or covered over at a later erection stage. Inner bot-
tom piping is a good example of this. Some items must not be preoutfit 
because of the danger of damage or pilferage in some later erection stage. 
Also all fixtures within about eighteen inches of a cut line have their 
installation delayed until after the cut and weld are made. Finally, some 
items or pieces of items (e.g. desk pedestals, wiring and piping hangers, 
etc.) might be preoutfit but don't have to be. For these items, the recog-
nized opportunity to invert large sections to allow down-hand welding or 
installation, as opposed to vertical or overhead, presents a potential 
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economic benefit for preoutfitting but may increase the time before launch 
for the work to be accomplished. 
1.1.2.3 Bottleneck Considerations 
Most shipyards agree that they have bottlenecks and attempt to sched-
ule around these problems. Only one shipyard contacted did not consider 
itself as having bottlenecks. Crane lifting capacity was most frequently 
listed as causing bottlenecks. Production practices (e.g. size of sub-
assembly) interact with preoutfit practices (e.g. amount of piping, duct-
work, electrical wiring) to generate the unit weights being lifted. Thus, 
given the present handling system, either more steel and less preoutfitting 
or more preoutfitting and less steel per design unit is the decision prob-
lem associated with the bottleneck. 
The second major bottleneck mentioned by several shipyards is that of 
space at outfitting docks. They recognize that this problem arises due to 
deferred tasks from a preoutfit plan as well as material and equipment 
arrival delays. 
Other bottlenecks noted include the number of ways and the area avail-
able for in-process storage of formed plate and subassemblies. No shipyard 
indicated that its shops (e.g. fabrication, piping, paint) created a yard 
bottleneck. 
1.1.3 Summary 
Current practice in the outfit planning decision problem appears to be 
that of heavy emphasis upon "experience" as a principal factor. The deci-
sions are constrained by the milestone dates established in the pre-award 
stage and, as one representative puts it, outfitting is clearly a "successor 
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function" in most shipyard planning. 
Where possible, preoutfitting is performed and includes those items 
most difficult to install at later stages. Certain items are delayed for 
installation by explicit decision. In between these positions rests a 
great many tasks that could be assigned to a preoutfitting category as well 
as to outfitting. All surveyed yards indicated a desire to increase their 
preoutfitting and the usual rationale was one of cost savings to do so. It 
is not clear from the information collected that shipyards are willing to 
relax their constraints on intermediate milestones so as to increase dura-
tion at earlier stages and thus allow for more preoutfitting. Nearly all 
shipyards expressed a great deal of interest in the examination of this 
question and the development of a means to answer it. 
1.2 GENERAL PROBLEM STATEMENT 
Outfit planning and outfitting are one clearly definable aspect of 
the total problem of planning and executing the production of a ship. In 
order to understand how outfit planning and outfitting are distinct yet 
interacting components of the total process, a more complete description 
of the shipbuilding process is needed. 
1.2.1 Shipbuilding Process 
A conceptual model of shipbuilding can be developed by considering 
the material flows and primary production facilities. As shown in Figure 
1.2, ship production occurs in three primary facilities with two major 
categories of supporting facilities plus outside vendors. 
The steel shops represent facilities where the steel forming activi-
ties take place. This includes welding of stiffeners and bracing to large 
Components, Materials 
Major Assemblies, Completed Hull 
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Figure 1.2 General Production Flow Model 
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steel plates. Similarly "other shops" include all the facilities associ-
ated with fabricating sheet metal, ducting, wire, piping, equipment, etc. 
In this model, the "assembly area" represents any configuration of 
facilities where steel and/or other materials are brought together and 
processed prior to actual ship erection, i.e., prior to going on the ways. 
The ways area is the facility where ship erection, i.e., hull assembly, 
takes place. After hull assembly, the ship is completed at least to the 
point of being able to float. The "outfit pier" represents the stage of 
ship production which follows float-off. 
The consideration of facilities and material flows leads naturally 
to the idea of different production modes: 
(1) fabrication: the production of individual pieces of steel, 
sheet metal, ducting, piping, electrical cable, 
etc. 
(2) assembly: 	fabricated plates are assembled to form blocks; 
also individual components may be assembled to 
form units, e.g., equipment with foundations, 
valves with piping, etc. 
(3) erection: 
	
	the activity on the ways that results in the 
completed hull. 
(4) outfitting: 	the remaining production activities that take 
place once erection is completed. 
Steel phase activities cannot be performed after erection, by definition. 
Outfitting phase activities, however, can be performed in any of the four 
modes. If they are done in a mode other than outfitting, then they are 
preoutfit activities. 
Note that the terms "steel phase" and "outfitting phase" have been 
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used to delineate activities by type. The four modes defined above, how-
ever, delineate activities by the timing of performance and facilities 
required. The distinction is an important one since there are options for 
many activities with regard to production mode. 
A more specific description of outfitting is provided by the zone  
outfitting concept [7, 8]. Outfitting on-board corresponds to either erec-
tion (for the already completed portions) or outfitting modes as defined 
above and subsumes "preoutfitting" as currently practiced. Outfitting on-
block corresponds to the assembly mode, and involves partial outfitting of 
blocks prior to their being lifted onto the ways. Outfitting on-unit also 
corresponds to the assembly mode, although it could occur geographically 
in a shop area. 
This conceptual model of the shipbuilding process imposes no restric-
tions on the organization or scheduling of production activities. It also 
requires no assumptions about the organization of labor in the yard. The 
model must, however, include consideration of capacities and, by implica-
tion, schedules, since there are different projects, or ships, competing 
for access to the limited production capacity. 
1.2.2 Outfit Planning Problem 
When the production of a particular ship is being planned, necessary 
production activities are defined by some planning group (in practice, the 
level of planning detail at this stage varied tremendously). When this has 
been accomplished the production activities can be visualized as a large 
project network diagram, as in PERT or CPM [28, 33]. The exact configura-
tion of this diagram, of course, depends on the particular yard's production 
technology as well as its planning capabilities. 
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In theory, then, production scheduling would take the large project 
networks for all the ships in the yard, and assign the various activities 
to the several facilities to be performed during a specific time period. 
For a variety of reasons, this is not a realistic approach and, naturally, 
is not used by any shipbuilder. The fundamental problem would be the tre-
mendous overhead required to coordinate so many different activities asso-
ciated with different ships. 
In practice, the production process is somewhat "batch" oriented, in 
the following special sense. Even though production can be described as 
a large project network problem, each project will in general require dedi-
cated use of the ways for some period of time. Thus, production control is 
greatly simplified by grouping together, or batching, the activities asso-
ciated with a given ship at each production stage. 
A natural approach to production planning in this setting is to sched-
ule each ship by specifying the times during which it will have access to 
the three major production facilities. This approach lends itself readily 
to a Gantt chart description as illustrated in Figure 1.3. In fact, current 
practice in many shipyards is to schedule the major milestones for each 
ship, "start fabrication," "lay keel," "float-off," "builder's trials," and 
"delivery," and use these milestone event times as deadlines for the 
detailed production scheduling required at each production stage. 
It is generally true however, that the milestone deadlines are based 
on a (single) given outfitting plan. If there are outfitting options for 
many different outfitting phase activities, the specified milestone dead-
lines may limit the number of options that can be selected. 
On the other hand, there are some outfit phase activities which are 
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some that are never done in a preoutfit mode, e.g., electronic instruments. 
Since no outfitting options are required for these two types of outfit 
phase activities, they will not be considered further. 
The outfit planning problem can now be stated more precisely as 
follows: 
Given: (1) a catalog of the outfit phase activities for which 
there are outfitting options; 
(2) for each such activity, a list of the outfitting 
options, including time, resource and precedence 
requirements; 
(3) the ship delivery schedule and any fixed milestone 
deadlines; 
(4) labor availability by craft and grade; 
(5) facility capacities and availabilities (lifting, 
covered space, yard space, etc.); and 
(6) other constraining factors (material availability, 
rate of cost accumulation, etc.). 
Determine: 	The outfitting option to be used for each outfit phase 
activity considered, along with the necessary schedule. 
The outfit planning problem is one of selecting from a number of inter-
related options, a set of options that will satisfy the given resource 
constraints while optimizing some criterion, such as outfit costs or 
delivery date. 
1.2.3 Issues in Outfit Planning 
There are a multitude of issues to be considered in attempting to 
solve the outfit planning problem. Perhaps the single most critical issue 
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is the design dependence of the solution. That is, the design of the ship 
and the design of the work breakdown structure define the limits within 
which outfit planning operates. More specifically, if no outfitting 
options are defined, then there is no outfit planning problem (or, alterna-
tively, it has been solved implicitly by the production planner). 
Especially in commercial shipbuilding, the negotiations between the 
builder and the owner may lead to terms that complicate or preclude preout-
fitting. Examples are special requirements for coatings, construction 
methods, or standards. Very often, the impacts on outfit planning are not 
considered during the negotiations. 
These issues, however, must be resolved outside the outfit planning 
process. Of more interest here are the issues that must be resolved within 
the outfit planning process. In particular, the issues of criteria, con-
straints, and other impacts must be considered. 
The outfit planning problem, as defined in this research, deals only 
with the options available for outfit phase activities. By treating as 
exogeneous the deadlines, owner payments, labor management, etc., it is 
proper to consider the criterion as minimization of outfitting costs. Note 
that if the decision problem also included steel phase activities, milestone 
setting and payment terms, it might be proper to consider the criterion of 
minimizing total shipbuilding cost or maximizing profit. 
In the outfit planning for a single ship, the constraints fall into 
two categories, absolute constraints and allocation constraints. Absolute 
constraints are those defining absolute capacity limits which are relevant 
for a single ship. Examples would be lifting capacity of cranes, maximum 
size or tonnage allowed on the ways, or technological constraints on ships. 
Allocation constraints, on the other hand, result from allocating the 
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yard's total resources to the several ships in process at any time. For 
example, the manpower available for a ship is a constraint, but it results 
from a decision allocating the total labor pool to the various ships in 
the yard. 
The outfit plan must satisfy the following constraints: 
(1) do not exceed the available lifting capacities (absolute) 
(2) do not violate any milestone deadlines (allocation) 
(3) do not exceed the labor availability in any craft or grade 
(allocation) 
(4) do not exceed the available production or storage space 
(allocation) 
(5) do not violate the given budget schedule (allocation). 
A more general treatment of the problem would also consider the strategic 
level allocation of resources to the individual ships being produced. Such 
a treatment is beyond the scope of this research project. 
Beyond the constrained resources, the outfit plan has a number of 
important impacts. In general, greater proportions of on-unit and on-board 
outfitting imply a long term trade-off between more highly skilled labor on 
one side and lower skilled labor and additional facilities on the other 
side. That is, with more such preoutfitting, there would be some shift 
from labor factors toward capital factors. 
There is general agreement that the direct impacts on labor of outfit-
ting on-unit and on-block are several. First there would be a reduction in 
hazard exposure because working conditions would be improved. (An indirect 
consequence would be a reduction in Workmen's Compensation expenses.) 
Second, the improved working conditions would result in improved quality. 
Third, as mentioned earlier, the possibility of substituting lower grade 
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labor would reduce the labor cost if not the labor hours. All of these 
impacts would be manifested in improved labor productivity. 
Increasing the amount of on-unit and on-block outfitting has a sig-
nificant impact on the planning and supervision of production. In planning, 
the impact is a requirement for more detailed planning with construction 
drawings of sufficient detail available at the proper time. It also means 
that detailed scheduling may be required, even to the level of manpower 
loading by work order. 
The impact on planning has both positive and negative components. On 
the positive side, the detailed scheduling should improve work flow and 
labor utilization and material acquisition. On the negative side is the 
obvious need for a management information system to support the planning 
and control functions at a very detailed level. 
These "other effects" associated with the outfit planning problem 
must be evaluated separately in the decision of whether or not to attack 
the problem as described here. Because their effects are relatively diffi-
cult to quantify and because the associated costs would have to be amortized 
over all affected ships, they are not incorporated directly in the outfit 
planning problem. 
1.2.4 Summary 
The outfit planning problem arises from a need to resolve the various 
outfitting options associated with outfitting activities. It is concerned 
with minimizing outfitting costs subject to certain schedule and resource 
constraints. Outfit planning decisions have other impacts on facilities, 
labor and planning and control systems which are not treated as part of 
the outfit planning problem. 
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The problem as posed here is to determine which outfitting options 
to use and how to schedule the activities. It is concerned with economic 
rather than technological factors. It is specifically assumed that all 
relevant outfitting options for each activity have been defined and ana-
lyzed to determine their individual time and cost characteristics. This 
approach specifically does not address the problem of determining the indi-
vidual activity outfitting options. 
1.3 PROBLEM IMPORTANCE 
Production levels for both merchant and naval vessel construction in 
United States yards have been fairly high over the past few years. This 
apparently was due to increased merchant activity following the Merchant 
Marine Act of 1970 and a continuing emphasis on the need to upgrade the 
U.S. Navy fleet. The anticipation however, is that this volume will sig-
nificantly decrease for several yards, due to generally reduced orders 
worldwide and to increased competition from foreign yards for U.S. orders. 
The plan for FY 1979 for MarAd included $279 million for construction-
differential subsidies. U.S. Navy funding for the same period for ship-
building and conversion was to be $4.7 billion with an additional $2.9 
billion for repair and alteration. These represent substantial amounts of 
money associated with the shipbuilding industry and thus improved produc-
tivity, though small on a percentage basis, can still result in substantial 
savings. One way to improve productivity appears to be increased levels of 
preoutfitting to gain cost reductions and possibly to gain reductions in 
schedules and delivery dates. 
Such productivity gains may not come easily. A principal difficulty 
is the sheer complexity of many modern ships and the process associated 
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with their production. The number of technical requirements in outfitting 
and the complexity of ship systems may not coincide with the ship size and 
so tonnage is not necessarily a good measure of outfitting volume or diffi-
culty. Further, the number of drawings required and their degree of detail, 
coupled with the problems of timely delivery, are potential problem areas 
associated with the data base needed for good decisions in outfit planning. 
Productivity gains are similarly difficult to achieve with high labor 
turnover and the resulting inexperience in the labor force. This is espe-
cially true where turnover compounds with a decentralized decision system 
placing heavy reliance upon first line managers for planning decisions as 
well as day to day implementation. Better production control would appear 
to result from centralized decision making under such circumstances and 
improved productivity should result from better planning decisions at that 
level. 
Potential productivity gains in preoutfitting cannot be measured well 
at this time. It is possible to examine the cost of outfitting as a per-
centage of total production costs and thus estimate the dollar volume of 
shipyard outfitting nationally. A small percentage gain in outfitting pro-
ductivity would then be translated into actual dollar amounts on a national 
scale and hence establish the problem importance in monetary terms. These 
dollar values are not readily released by the industry although one estimate 
for a complex naval vessel suggested that nearly 50% of the total labor 
costs is associated with outfitting. 
A second way to look at problem importance involves the potential 
reduction in the total time between contract award and delivery. If 
increased preoutfitting can aid in achieving this reduction (see Literature 
Review Section) then more yard volume may be possible and yard capacity is 
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increased. The improved competitive position due to cost and to delivery 
date may enhance a yard's ability to gain this increased volume even though 
national levels of shipbuilding activities appear to be decreasing. 
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2.0 LITERATURE REVIEW 
As indicated earlier, the terms preoutfitting and outfitting do not 
appear to have standardized meanings in the shipbuilding industry and this 
is similarly reflected in the literature. According to Goldbach [20] pre-
outfitting is the "most common terminology currently applied to the instal-
lation of piping ventilation, electrical cables and machining prior to  
erection of structural assemblies." On the other hand, Andrews [2] terms 
outfit as "installation of piping, ventilation ducts, heads, electrical 
cable harness, ventilation machinery rooms, foundations and similar items" 
in the hull, no matter the status of the production activity. 
According to Chirillo [6], the Hull Block Construction method is being 
used widely in the shipbuilding industry. Hull Block Construction employs 
zone-by-zone construction, which is construction on a geographically divided 
portion of a product such as the cargo hold, engine room and their subdivi-
sions. Zone-by-zone construction employs an approach to outfitting, termed 
on-unit, on-block, on-board. Outfitting on-unit is the assembly of an 
interim product to be installed subsequently in the hull structure (see 
Figure 1.1). It is noted that as much as possible should be assembled "on-
unit" in shop areas because progress of the hull structure is not delayed 
and overall safety and productivity are enhanced. Outfitting on-block is 
the installation of outfit components, or even a unit, into a hull structure 
assembly or block prior to its erection. Outfitting on-board, where on-
unit and on-block is used, is limited to "1) the installation of electron-
ics equipment and insulation that otherwise would be damaged by weather, 
2) connecting the system interfaces between units and blocks, 3) applying 
a final paint coat, 4) and tests and trials." The term preoutfitting is 
also referenced in the literature as "pre-packaging" and installation of 
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equipment, components and systems into modules [25, 37]. 
Planning for preoutfitting is usually done when detailed working draw-
ings are available in the pre-keel period and are relatively free from 
design error or change. It is also facilitated when computer aided plan-
ning systems can be accessed [2, 20]. The computer aided planning of sched-
ules for drawings, labor allocation planning and material requirements 
planning not only makes it easier to coordinate preoutfit with steel erec-
tion but also may improve overall control and coordination. Preoutfitting 
is also facilitated if a backlog of structural items is maintained [20]. 
It has been suggested that production lines should be organized to 
prefabricate items that will be installed in the preoutfitting stage [2]. 
Since these items must be transported to a specific location, labor and 
handling cost savings can be realized by locating these prefabrication 
areas adjacent to the preoutfit site. 
Preoutfitting is reported in Europe in the Burmeister, Wain and Keller 
Howaldtswerke yards. These yards attempt to install as much machinery and 
preoutfit as much as possible in each subassembly prior to erection. The 
Japanese and Swedish shipyards build hull sections which are preoutfitted 
with desks, bulkheads, piping, ventilation, ladders and hatches. Prefabri-
cation of assemblies begins two to three months prior to keel laying. Also, 
modular construction techniques developed successfully in some companies 
during World War II have been continued to the present in order to reduce 
production costs. An example of these efforts is the preoutfitting for 
hull sections of the AE32-35 at Ingalls [20] and the preoutfitted hull 
sections of tankers at SEATRAIN in New York [25]. 
There is a pattern in the literature that suggests preoutfitting is 
most applicable where the number of outfit tasks to be done is high, 
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position or access aboard ship is poor and dimensional tolerances are not 
critical. This appears to be why preoutfitting is considered more appli-
cable to complicated ships such as the FDL(X) ships, and less applicable 
for simpler bulk carriers and tankers. J. J. Henry [37] used the concept 
of preoutfitting repetitive tasks such as piping, ventilation, and elec-
trical wiring in a standardized manner in the construction of modular deck-
houses. 
Some of the benefits cited for preoutfitting are increased produc-
tivity, reduced time between contract award and delivery [6], less lost 
material, less rigging and ease in testing because there are fewer other 
tasks to be performed at the test time. In companies where on-unit assem-
bly is performed there are increased opportunities for improving safety 
and quality and achieving higher productivity levels because the "on-unit" 
assembly shops provide ideal climate, lighting and access. The uninter-
rupted construction and assembly in parallel create a more favorable 
environment with an associated increase in labor efficiency. Worker morale 
may also be improved, as in the case of the Ingall's yard. Morale was 
apparently improved by preoutfitting the hull modules, because the modules 
provided shelter from inclement weather. 
Some negative aspects include possible layout and access complications, 
potential incompatibility of system interfaces, and additional costs, 
although which costs might increase was not reported. 
Cost savings due to preoutfitting were often cited. The J. J. Henry 
report [37] concluded that preoutfitting of electrical, piping and ventila-
tion systems was among the five largest potential areas of cost savings in 
what was called modular construction. Also, Goldbach [20] states that pre-
outfitting under appropriate conditions can make a significant contribution 
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to cost savings and to schedule performance. 
In summary, there is a lack of literature addressing the preoutfit 
problem. The few articles that discuss preoutfitting do so mainly when 
discussing modular construction. Very little material is available con-
cerning the use of preoutfitting in the conventional construction process. 
In fact, preoutfitting was identified as a shipbuilding industry-wide prob-
lem area at the Shipbuilding Industrial/Production Engineering Workshop 
in February, 1978 [42]. The panel on Production, Planning, and Control 
recommended that preoutfitting should be explored in depth as a possible 
way to reduce costs in the industry. The existing literature does stress 
the fact that preoutfitting improves productivity, decreases costs, and may 
aid the reduction of time between contract award and delivery. 
3.0 DEVELOPMENT OF MATHEMATICAL MODEL 
To facilitate the development of the model, the outfit planning prob-
lem is restated in brief. Outfitting activities are those production 
activities associated with fabrication and/or installation of any material 
other than hull steel. Chirillo and Jonson [8] defines three stages for 
outfitting: 
"Outfitting on-units is the assembly of an interim product 
consisting of manufactured and purchased components . . . 
includes all but final paint coat. Units are composed 
exclusively of outfit materials and do not incorporate 
any hull structure. 
"Outfitting on-block is the installation of outfit compo-
nents, perhaps units, onto a hull structural assembly or 
block prior to its erection." 
Outfitting on-board, then, is the installation of outfitting materials in 
the erected hull structures, either prior to or following float-off. 
This characterization of outfitting stages leads naturally to a simi-
lar characterization of the outfit components themselves. There are some 
outfit components which are only installed in the on-board stage e.g., 
furnishings and other similar materials which are subject to damage or 
pilferage are always installed in the on-board mode. These will be desig-
nated on-board components. Of the remaining components, some are associ-
ated with distributed systems, e.g., wireways, ventilation ducting, rather 
than distinct units, e.g., pumps, motors, valves, etc. These will be 
referred to as non-unit components, since outfitting on-unit is not appro-
priate. Finally, there are the outfit components which can be identified 
by or associated with a specific unit. These will be referred to as free  
components, since any stage may be selected. 
Note that these designations are fixed to some extent by design prac-
tices. For example, a given system consisting of, say, a pump and piping, 
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may be conceived and designed in several ways. If it is treated simply 
as a collection of separate components which must be installed in the ship, 
then the components will have the "non-unit" designation. Alternatively, 
if the components are viewed as integral parts of a single unit or set of 
units, then they will have the "free" designation. Chirillo and Jonson 
[8] give examples of outfit components that may be associated with units, 
although they typically are not in U.S. shipyards. 
Although a free outfit component can be associated with a specific 
unit, it need not be installed in the on-unit stage. The component may 
instead be installed on-block or even on-board. Non-unit components may 
be installed either on-block or on-board, but not, of course, on-unit. As 
indicated in the outfitting stage definitions, units may be installed 
either on-block or on-board. These relationships are summarized in 
Figure 3.1 where a three-way distinction is made between the component 
type, its production stage, and the production location. 
Outfit planning requires, for each outfit component, a selection of 
outfit stage. The selection decisions are constrained by a number of fac-
tors. In particular, it is common practice to take the hull block erection 
schedule as fixed when planning the outfit activities. For example, each 
hull block has a fixed deadline for its completion, and at that point in 
time it is lifted onto the ways for erection. Thus, all on-block outfit-
ting planned for that hull block must be completed before its erection date. 
Similarly, if a unit is to be installed in the block, all the associated 
on-unit outfitting must be completed in time to allow the unit to be moved 
into the block and installed before its erection date. Furthermore, if the 
block "closes in" any previously erected blocks, any large components (main 












Figure 3.1 Relationships Between Outfit Components, 
Production Stages and Production Location 
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closing in. 
The hull block erection schedule is a constraint in outfit planning 
because of convention. It is also conceptually possible to treat the hull 
block erection schedule as part of the decision process, i.e., if it were 
justifiable, a hull block might be delayed to allow more on-block outfitting 
to be performed. This practice does not appear to be in use currently in 
the U.S., and is not considered in the developments to follow. It is, how-
ever, common in Japanese shipyards, and may be adopted by U.S. yards in the 
future. 
Another constraint which may affect outfit planning decisions in many 
yards is the available lifting capacity. Outfit units and outfitted hull 
blocks must not exceed the safe lifting capacity of the available equipment. 
Size is a similar consideration, i.e., units must be sized in light of the 
available access. 
The effect of outfit planning decisions on limited yard resources must 
also be considered. Among the resources to be considered are labor and 
material availability and production or storage space. When determining 
outfit stages, care is required to insure that the resulting production 
schedule does not call for more labor than is available in each affected 
craft and grade. Likewise, since production typically requires space and 
fabricated components or units may need to be stored temporarily, the 
available yard facilities must not be overcommitted. 
These resource allocation considerations are perhaps the most diffi-
cult aspect of outfit planning, especially in situations where multiple 
ships are in production simultaneously. The reason is that in order to 
guarantee feasibility of the mode selections, a feasible schedule must be 
determined. The selection decisions and subsequent scheduling decisions 
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interact in a complex fashion and cannot be made independently. 
So far, there has been no discussion of the specific criteria by which 
the outfit plan is to be evaluated. Several criteria may be considered, 
all motivated by economic considerations. As indicated previously, con-
siderable cost savings are indicated [6, 8] for outfitting on-unit and on-
block, relative to outfitting on-board. These cost savings result from 
lower skill requirements, better material access, less congestion, better 
quality control, etc. Thus one criterion, which should be minimized, is 
total cost of outfitting. 
Another result of increased on-unit and on-block outfitting would be 
reduced delivery time. Reducing delivery time is favorable to both owner 
and builder, since the owner has use of his ship sooner and the builder 
receives final payment sooner. In addition, the owner benefits from the 
reduced ". . . interest costs for the substantial accumulating investment 
represented by construction progress and for achieving maximum utilization 
of expensive facilities such as a building dock" [8]. Thus a second cri-
terion, to be minimized, would be completion time. 
In particular circumstances, other criteria might be applicable. For 
example, the particular pattern of contracts awarded to a yard may dictate 
expanding or contracting the labor force. These changes in the labor force 
could be eased by scheduling more or less "early outfitting," i.e., on-unit 
and on-block. Because this type of consideration is situation dependent, 
the developments to follow will be based only on the criteria of cost and 
completion time. 
3.1 MODEL FORMULATION 
The outfit planning problem requires the specification of certain work 
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elements and the determination of their associated production schedule. 
The problem has many similarities to general project scheduling problems 
and this appears to be a good way to approach the formulation of an appro-
priate conceptual and mathematical model. 
3.1.1 Activity Networks in Ship Production 
Ship production is essentially "one off," that is, ships are produced 
one at a time, rather than continuously as are, for example, automobiles. 
There is not much opportunity (nor economic justification) to mass produce 
ship components or to build ships on assembly lines. Thus, a natural 
approach to modelling ship production involves the use of activity network 
models such as CPM or PERT [28,29, 30,31, 33]. For practical as well as 
academic reasons (see, e.g. [13, 23]), only deterministic, i.e., CPM-like, 
models will be considered. 
The use of deterministic activity networks, or DANs [15], to model 
ship production requires some assumptions about the ship building process. 
Al: Ship specifications, such as production drawings, can be 
converted into well defined, distinct work packages, or 
activities.  
A2: Assuming unlimited production resources, the only rela-
tionship between the activities is one of sequence or 
precedence. An activity, "A," precedes another activity, 
"B," if "A" must be completed before "B" can be initiated. 
These two assumptions permit graphical representation of the relationship 
between production activities. There are several different such represen-
tations - the one used in this research is the activity on node, or AON, 
representation [15] and is illustrated in Figure 3.2. 
Note that assumption A2 does not limit the relationships between 
activities to precedence only. Other types of relationships are possible, 
for example, two activities may require the use of the same limited 
Figure 3.2 Sample Activity Network 
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resource. 
A3: Associated with each activity is information about its 
duration (including resource-time options), about its 
requirements for various resources, and about its due 
date (or completion deadline) if appropriate. 
In order to use the DAN model in planning, it must include certain 
information about the activities or work packages beyond precedence rela-
tionships. At a minimum, each activity has a given duration and resource 
consumption. In addition, it is often the case that the activity duration 
depends on the rate at which resources are applied, i.e., there are resource-
duration options. For example, two men may complete a painting job in 4 
days, where 4 men could complete the job in 2.5 days. Start and due dates 
are often imposed because of special considerations beyond just the work 
content of the project, e.g., a hull erection schedule. 
A4: The various resources required to perform the activities 
are explicitly defined and the availability of the 
resources over the planning horizon is specified. 
The resources required by the activities can be of two types. Some 
resources are consumed as they are applied to production, e.g., steel which 
is applied to a particular hull block. Any subcontracted material falls 
into this category. This type of resource must be available when the asso-
ciated activity is scheduled. 
The other resource type is available at a certain rate rather than a 
total amount. For example, a given labor pool in a particular craft trans-
lates into a fixed number of man hours per day of that resource. No matter 
how those manhours are allocated today, the same number of man hours will be 
available tomorrow. Of course, over the long run, the number of man hours 
can be changed by changing the size of the labor pool. Thus, this type of 
resource is not "used up" in the same way that materials are. 
Resources of this type present more difficult planning problems for 
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the following reasons. The cost of the resource depends on the rate at 
which it is available rather than the rate at which it is used, i.e., if 
the resource is not fully utilized in some period, there is a wasted 
resource cost. Thus, one goal is to schedule the productive activities 
so that resources of this type are always fully utilized. When there are 
several projects competing for the same resources it should be relatively 
easy to meet the goal of full utilization. Paradoxically, it is much more 
difficult to allocate the resources to the projects in order to optimize 
other, additional criteria. 
Once the DAN model is constructed, it may be analyzed in several ways 
to assist in activity scheduling. The classical "early start" and "late 
start" times [4, 15, 36] can be calculated for each activity, allowing 
identification of the "critical path" and "critical path activities," i.e., 
activities which cannot be delayed without delaying ship delivery. Resource 
levelling techniques [10, 12, 32] can be used to determine a schedule which 
"smooths" out the resource requirement profile. If there are absolute 
limits on resources, then resource constrained scheduling techniques [5, 
11, 30, 49] may be used to find a feasible activity schedule. Analytic 
techniques are also available for optimizing the resource-duration trade-
off decisions [10, 15, 16]. 
The classical DAN models, such as CPM, are inadequate for the outfit-
ting planning problem because they are based on the assumption of a single, 
unambiguous definition of the activities. In contrast, the essence of the 
outfit planning problem is to select a particular activity definition (i.e., 
select production modes) from among all the available alternatives. It will 
be necessary to extend the DAN models to incorporate this additional com-
plexity and to develop the corresponding extensions to the analytic 
methodologies. 
3.1.2 An Activity Network Model of the Outfit Planning Problem 
The goal of the following discussion is the development of a concep-
tual model for the outfit planning problem which is consistent with the 
activity network based approach to planning and scheduling described in 
the previous section. It must be recognized at the outset that the process 
being modelled exists only hypothetically and that the model does not 
represent any existing process. It is apparently the case that, at the 
present time, very few U.S. shipyards employ any activity network based 
planning or scheduling procedures; thus, the proposed model constitutes a 
significant departure from currently standard practice. On the other hand, 
it is also apparently true that interest in this type of methodology is 
growing in many U.S. shipyards, so that the proposed model is in line with 
longer term trends in the industry. 
3.1.2.1 Defining the Activities 
As indicated earlier, classical DAN models do not allow alternative 
methods for accomplishing work elements. The incorporation of this fea-
ture will be the major point of departure for the model of the outfit plan-
ning problem. For this reason, it is of primary importance to specify the 
nature of the alternative activity definitions. 
Current practice in U.S. production planning ([1],appendix 4) calls 
for work packages of 200-2000 man-hours, involving a single craft or trade. 
For comparison, the Japanese practice [8] is to define work packages of 
40-120 man-hours. The following developments are based on the premise that 
activity descriptions can be made at the level of the smallest fabricated 
component and then aggregated as necessary. Furthermore, an activity, as 
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discussed in the previous section, may consume several different resources, 
i.e., it may involve two or more crafts. The organizational and opera-
tional ramifications of this departure from standard practice will be 
explored later. 
In developing the model, it will be useful to maintain the distinction 
between outfit components, which are associated with the outfit materials, 
and the outfit activities, which are associated with production, i.e., 
fabrication, assembly and installation. The outfit components were cate-
gorized as on-board, non-unit, or free, and outfit activities were classi-
fied as on-unit, on-block or on-board. The question which follows from 
this classification scheme is, "How are the activities corresponding to a 
given outfit element defined?" 
A fundamental assumption about outfit planning is the following: 
A5: On-unit outfitting is preferred to on-block outfitting, 
which is preferred to on-board outfitting. 
This assumption implies that if there were no resource conflicts, or time 
constraints, outfitting would always be done as early as possible in the 
production process. It is the resource conflicts and milestone event dead-
lines which lead to deviations from this "ideal" outfitting plan. 
Free Outfit Components  
The free outfit components present the greatest latitude in planning 
production since they may lead to on-unit, or on-block, or on-board produc-
tion activities, or to a combination. As a consequence, these are the 
activities that present the most difficulties in formulating the DAN model 
of outfit planning. 
The "ideal" outfitting plan would call for maximum use of the on-unit 
stage, with the resulting units being installed whenever possible. Thus, 
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the following assumption is made: 
A6: The outfit planning process creates for the free outfit 
components, a catalog of maximally outfitted units. For 
each unit, all the required materials, fabricated pieces 
and assembly work elements are specified. The set of 
outfit work elements for a given unit will be referred 
to as the maximum outfit set for the unit. 
A particular unit from this catalog will generate many individual activi-
ties in the model (recall that the individual activities may be aggregated 
at a later step in the planning process). For example, each individual 
component of the unit must be either fabricated or purchased, resulting 
in the definition of either a fabrication activity or a purchasing activity. 
Each subassembly operation likewise results in the definition of a distinct 
activity. 
An implicit requirement is that the units in this catalog are non-
overlapping. In other words, no free outfit component is a component of 
more than one unit. Thus, the definitions of the units themselves is con-
sidered as fixed, the result, perhaps, of an earlier stage in the planning 
process. The problem of selecting from among alternative unit definitions 
can be included in the proposed model only in certain fairly restrictive 
situations. This point will be addressed in greater detail later in the 
study. 
It may be the case that selection of the on-unit outfitting rather 
than on-block or on-board "induces" additional work elements. For example, 
additional bracing may be required to prevent damaging the unit during 
handling and moving. Any such induced work must be reflected in additional 
activities in the DAN model. 
Since the ideal outfitting plan may not be feasible given the avail-
able resources and milestone event deadlines, it is necessary to specify 
the alternatives to be allowed within the outfit planning model. 
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A7: For each unit, there is a set of outfit components which 
represents the least amount of on-unit outfitting that can 
be done and still be economically justifiable. The asso-
ciated set of outfit work elements will be called the 
minimum outfitting set for the unit. 
This assumption implies that if a particular unit is selected from the 
catalog for on-unit outfitting, it need not be completely outfitted. How-
ever, it will include at least those outfit work elements contained in its 
minimum outfitting set. Associated with the maximum and minimum outfit 
sets are related sets of outfit components, designated as the maximum and 
minimum outfit kits. 
A given unit may be fabricated in the on-unit mode. If so, it must 
include all components in its minimum outfit kit and it may include any 
additional components in its maximum outfit kit. Any work elements from 
the maximum outfit set which are not selected for on-unit outfitting must 
be performed at a subsequent stage, i.e., either on-block or on-board. The 
outfitted unit itself also may be installed on-block or on-board. If 
installed on-block, its assembly and installation must he completed before 
the block erection deadline. 
These possibilities can be incorporated in a CPM-like precedence dia-
gram as illustrated in Figure 3.3. In this example, nodes 1-4 represent 
the purchase, fabrication, or subcontracting activities for outfit com-
ponents in the maximum outfitting kit for some unit. In other words, these 
are the activities which yield the outfit components themselves. The com-
ponents corresponding to nodes 2, 3 and 4 are in the minimum outfitting kit 
for the unit, i.e., at least these components must be included if the unit 
is selected for fabrication. 
A component, such as the one corresponding to node 1 in the figure, 
which is in the maximum outfitting kit has the following characteristic. 










It is a component which could be included in the unit fabrication and, in 
fact, it would be desirable to include it. However, if there are frustrat-
ing circumstances, for example, insufficient fabrication lead time or insuf-
ficient resources (labor, equipment, or material), then such a component 
may be left off the unit. It is, in a sense, an auxiliary component of the 
unit. On the other hand, components in the minimum outfitting kit are con-
sidered essential to the unit, so much so that they cannot be omitted from 
the unit. 
The activities represented in the diagram by square nodes are the ones 
subject to the outfit planning decisions, which designate the specific stage 
of outfitting for each component. 
To insure that components produced by the first four activities in 
Figure 3.3 are actually installed, the outfit planning decisions must obey 
the following guidelines: 
(1) Exactly one activity is selected from each of the sets: 
{6,7,12} to insure that element/component 1 is included; 
{5,8,13} to insure that element/component 2 is included; 
{5,9,14} to insure that elemnt/component 3 is included; 
{5,10,15} to insure that element/component 4 is included; 
If activity 5 is selected, activities 8, 9, 10, 13, 14, 
and 15 cannot be selected. 
(2) Activity 6 can be selected only if activity 5 is selected; 
(3) If activity 5 is selected, then either 11 or 16 must be 
selected; if 5 is not selected, neither 11 nor 16 can be. 
If these three guidelines are followed, then a feasible solution will be 
constructed for the outfit planning problem. Note that if an activity 
is not selected, it simply becomes a discarded option, i.e., it does not 
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affect subsequent scheduling or resource allocation decisions. 
The example illustrates additional details that can be incorporated 
in this type of model. For example, if in addition to the minimum outfit- 
ting kit, component 1 is also to be included in the on-unit outfitting (i.e., 
activity 6 is selected) the associated work element, activity 6, must be 
completed by the time the unit is installed, either on-block (activity 11) 
or on-board (activity 16). This is indicated by the precedence relation-
ships (5, 6), (6, 11) and (6, 16). 
In this example, there is a required sequence for installing the out-
fit components; component 2 cannot be installed until after components 3 
and 4 have been installed, and component 1 cannot be installed until after 
component 2 has been installed. These requirements are satisfied by requir-
ing that activity 13 has as its predecessors, either 9 or 14, and either 10 
or 15. Similarly, activity 12 has as predecessors either 8 or 13. Note 
also that if activity 5 is selected (i.e., the unit is assembled) then 
on-block or on-board outfitting for component 1 must follow installation 
of the unit. 
Finally, note that the block erection schedule can be introduced into 
the model simply by specifying a due date for the unnumbered node corres-
ponding to block erection. One additional consideration was left out to 
simplify the figure and the discussion. It might be desirable to treat 
on-board outfitting as two distinct stages, one corresponding to pre-float 
off outfitting and one corresponding to wet-dock outfitting. This con-
sideration could be affected within the model simply by defining four addi-
tional nodes, one for each of the four outfit components, and adding the 
necessary precedence relationships. This is illustrated for the previous 






















Figure 3.4 Adding Two Sub-Stages to the Model 
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Non-Unit Outfit Components  
The non-unit outfit components involve fewer production options than 
the free outfit components and it is therefore considerably easier to 
define the alternative activities generated by them. In fact, non-unit 
components generate a subset of the activities generated by free compo-
nents. For instance referring to the example of Figure 3.3, suppose the 
on-unit outfitting activities, which are activities 5, 6, 11, and 16, are 
omitted. The resulting activity network would describe the options avail-
able for non-unit components 1-4. 
In addition to sequencing requirements among the non-unit components, 
there may also be sequencing requirements between the non-unit components 
and certain free components or their associated units. The various types 
of relationships are summarized in Figure 3.5. As indicated in the figure, 
the model must account for the possibility of sequencing requirements 
between the non-unit components and certain free components or their asso-
ciated units, as well as between the non-unit component and certain on-
board components. 
As with the free outfit components, it is conceptually easy to extend 
the model to allow two distinct on-board outfit stages. The illustration 
will not be repeated. 
On-Board Outfit Components  
The on-board outfit components require no outfitting mode decision, 
unless the possibility of two on-board stages (pre-float off and wet-dock) 
are allowed. In this case, each component generates two alternative out-
fitting activities with precedence relationships as shown in Figure 3.6. 
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Figure 3.6 Activity Nodel for On-Board Components 
3.1.2.2 Defining the Decisions and Constraints 
The fundamental decision required in the outfit planning problem is 
the resolution of the options associated with each outfit component. This 
selection decision considers the activity network and requires a choice of 
exactly one of the alternative outfit activities for each outfit component 
(and perhaps the resulting unit). The selection decision must satisfy the 
sequencing requirements which are represented in the activity network as 
arrows. The sequencing requirements are constraints on the selection 
decision. 
If there were no other constraints, the selection decision would be 
trivial because of assumption A5, i.e., each component would be outfitted 
as early as possible in the production process. There are, however three 
major types of constraints which may be violated by such a selection: 
(1) [Time] The sequencing requirements may lead to a longer 
production time than is available from the given block 
erection and float-off milestones. 
(2) [Labor] Even if there is sufficient time, the activities 
selected to be performed between two milestones may require 
more labor hours than are available in the crafts. 
(3) [Weight and Size] Even if there is sufficient time and 
labor, the number of components selected for a unit or 
the number of units and components selected for a block 
may lead to a unit or block which is too large for the 
available facilities or access. 
The constraints on time and weight may be easily checked once the selection 




As mentioned earlier, labor resources have a somewhat unique nature. 
For example, it may not be easy to determine if an availability of 2000 
man-hours during a five week period is sufficient to accomplish 1800 man-
hours of work. Suppose that the available 2000 man-hours is the result 
of having a 10 man labor pool and that the 1800 man-hours of work required 
is described by the activity network shown in Figure 3.7. The resource pro-
file for this activity network is shown in Figure 3.8, using the activity 
early start times from the CPM calculations. 
It is obvious from Figure 3.8 that the 1800 man-hours of work cannot 
be accomplished using the available 2000 man-hours. The example further 
illustrates that in order to know whether or not a labor availability con-
straint is satisfied, a schedule for the activities must be specified. 
Thus, in situations where labor availability is a limiting factor, solving 
the outfit planning problem requires making a scheduling decision in addi-
tion to the selection decision. 
The scheduling decision by itself is an extremely complex one. In 
fact, given the selection decision, the problem to be solved in making the 
scheduling decision is a "resource constrained CPM problem," [5, 11, 48, 49]. 
At the present time there is no optimization algorithm capable of solving 
large instances of this type of problem (see Bennington and McGinnis [5]) 
and based on recent results in combinatorics ([27], [43]) there is little 
hope that such an algorithm is possible. Thus, if solving the outfit plan-
ning problem requires a specific scheduling decision, any practical solu-
tion methodology will be heuristic in nature. 
3.1.2.3 Defining the Criteria 
The final step in formulating a model of the outfit planning problem 
Activity A  B C D E  F 
Duration 10 5 15 10 10 5 8, 
Resource 
Level 
5 3 2 5 4 
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Figure 3.8 Resource Profile for Sample Network 
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is to define the criteria by which model solutions are to be evaluated. 
The problem of evaluation is complicated by the fact that there are two 
distinct kinds of decisions being made: outfitting stage selection and 
activity scheduling. Furthermore, a number of different viewpoints could 
be considered, each leading, possibly, to a difficult criterion. 
The viewpoint adopted here is that the outfit planning problem is to 
be solved in the context of a number of prior, exogenous decisions which 
fix many of the outfit planning problem parameters. For example, the mile-
stone event times (such as lay keel, float off, delivery, etc.) are assumed 
fixed, along with the detailed block fabrication and erection schedule. 
(Note, however, that the analytic framework could be used in deciding on 
the appropriate milestone schedule.) Resource availabilities are con-
sidered as exogenous factors. 
Within the environment resulting from these exogenous factors, the 
goal in outfit planning is to minimize the cost of outfitting. Concep-
tually, then, all that is required is to estimate the outfitting cost 
associated with each of the outfitting alternatives. The best outfitting 
plan is the one with the smallest total cost. The goal of the scheduling 
component of outfit planning is to maximize labor utilization. This is 
accomplished when there are no periods in which the scheduled work content 
is less than the available labor. 
While these two criteria are conceptually simple, their application 
may be difficult. In the first place, they require a significant effort 
in detailed estimation. The labor content, material and overhead costs, 
and duration must be estimated for each of several alternative outfit 
methods for a large number of outfit components. Current practice may 
not require such a detailed estimate for even one alternative. Clearly, 
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procedures and methods will need to be developed for aggregating outfit 
components in the activity network and for semi-automating the estimation 
at the necessary level of detail. The information required for this esti-
mation process will have to be accumulated over time as there is more 
experience with on-unit, on-block, and on-board outfitting. 
A preliminary and crude approach to the first criterion is the follow-
ing. Assume that the savings to be realized by outfitting earlier in the 
production process is a constant fraction of the total cost to outfit on-
board. The fraction could vary with the type of outfitting (e.g., electri-
cal vs. hydraulic systems), or with the total cost of the outfitting activity 
or some other factor. The criterion then becomes one of maximizing the 
total savings over outfitting completely on-board. 
3.1.3 The Mathematical Model 
In developing the conceptual model, two types of decisions were 
identified: selection decisions and scheduling decisions. It will be con-
venient to formalize the selection decisions first. Associate with each 
outfit component an index, i, where i = 1, 2, ..., N, N being the total 
number of outfit components. Similarly, associate with each outfit unit 
an index j = 1, 	M, and with each block an index b = 1, ..., B. 
The selection decisions will be represented by indicator variables. 
For a particular component, i, the variables are: 
X. = 
{ 1 if component i is outfit on-unit 
0 otherwise 









Exactly one of the indicator variables must equal one for any component. 
However, not all stages can be selected for each element. Therefore, group 
the indices as follows: 
F = set of indices of free outfit components 
N = set of indices of non-unit outfit components 
B = set of indices of on-board outfit components. 
These sets are pairwise disjoint. Now the component selection deci-
sions must satisfy: 
u 	b 	h 
x. + x. + x. = 1 
1 1 1 
b 
x. + )c.= 1 1 	1 
i e F 
i E N 
i e B 
Note that there is only one on-board option. The model can be readily 
extended to allow for pre-float off and wet-dock on-board outfitting. In 
order to simplify the exposition, this extension is not included. 
There are similar indicator variables associated with each unit: 
z. = 
J 




1 if unit j is installed on-block 
. y = j 
0 otherwise 
h 	




Since a unit cannot be installed unless it is first assembled, the unit 
selection variables must satisfy the following constraint: 
b 	h 	= 0 	V j 	 (4) 
The unit selection decisions and element selection decisions must be 
tied together. Define the following index sets: 
L(j) = set of indices of components in the minimum outfitting 
kit for unit j 
M(j) = set of indices of components in the maximum outfitting 
kit for unit j 
The element and unit selection variables must satisfy: 
	







x.1  - rim(j)11 z. < 0 	V j 	 (6) 
where 11SH is the number of elements of the set S. 
Constraint (5) requires that if unit j is selected (z. = 1), then all the 
components in the minimum outfitting kit for that unit also must be 
selected. Constraint (6) permits additional components to be included in 
the unit only if the unit is fabricated. 
The constraints (1)-(6) are logical constraints and merely guarantee 
consistency between the indicator variables and the decisions they repre-
sent. In addition, there are structural constraints which must be satis-
fied. One of these is the precedence relationships defined by sequencing 
requirements. Define 
P(j) = index set of components (units) which must precede 
component (unit) j in production 
Then the precedence constraints on the selection decisions are: 
	
x.+2x.+3x.-(x.+2x.+8x.)< 0 	i E P(j) 1 




) < 0 	j E P(k) 
Constraints (7) and (8) require that for any component or unit, its pre-
decessors must be outfitted or installed at the same or an earlier produc-
tion stage. 
A second category of structural constraints limits the total weight 
added to a unit or block. Note that these limits may be facility depen-
dent, i.e., units fabricated in different shops may have different weight 
limits. 





X 	wix1.1 ) yb + 	X w.x. < 	Wb 	V b 	(10) jEU(b) 	fEm(i) j iEF(b)UN(b) 
where: 
w. = weight added by outfit element i 
W. = maximum weight allowed for unit j 
U(b) = units which go into block b 
N(b) = subset of components of N which go into block b 
F(b) = subset of components of F which go into block b 
W
b 
= maximum outfitting weight added to block b 
The first term in constraint (10) is the total weight of units which are 





of components (not part of a unit) which are outfitted on-block. 
In order to deal with the time and labor availability constraints, 
the scheduling decisions must be formalized. Define the following schedul-
ing variables: 
t. = scheduled start time for component i outfitting 
1 
0. = scheduled time for completing unit j fabrication 
T. = scheduled start time for unit j installation. 
The scheduling variables must satisfy all the precedence constraints as 
well as the scheduling limitations imposed by the steel schedule. 
First, consider the constraints involving on-unit outfitting. 
u u 
t.x. + d.x. - t.x. < 0 	i e P(j) 	 (11) 
1 1 	J J 
where d
i 
= time to outfit component i on unit. 
Constraint (11) requires that all predecessors of component j must be com-
pleted before component j can be outfitted on unit. 
u u 
t.x. + d.x. - 0.z. < 0 	V i e M(j) 	 (12) 
1 1 	1 1 	J J 
Constraint (12) requires all on-unit outfitting to be completed before the 
unit itself is completed. 
0. + d. - T. < 0 	V j 	 (13) 
J 	J 	J 
whered.=material handling delay for unit j. 
Constraint (13) is included to allow for possibly significant material 
handling delay or resource requirement. 
The installation of units and outfit components on-block must not 
only satisfy precedence but "schedule window" constraints as well. 
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b 	,b b 	b 	n 
T.y. + a.y. -Ty u 
j k k J P(k) 	 (14) 
where db is the time required to install unit j on-block. 
Constraint (14) forces the on-block installation of unit k to be after 






 > 0 	VjeU(b) 	 (15) 
where T
b = earliest possible time for on-block outfitting on block b. 
Constraint (15) forces the installation of the unit j to be after the time 
when installation is feasible. 
b 	bb 
T.y. + d.y. -T
f 
 < 0 	V j e U(b) 	 (16) 
J J J J 	b 
where T
b = latest possible time to complete outfitting on block b. 
Constraint (16) sets the deadline for on-block installation of units. 
There are similar precedence and schedule window constraints for the 
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1 1 	1 1 	j j J 




















. - Tb < 0 	i e F(b) U N(b), 	V b 	 (19) 
These same precedence and schedule window constraints are repeated 
for both units and elements for on-board outfitting. For the units, the 
constraints are: 
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 = earliest possible time for installing unit on-board. 
	
h 	hhf 
T.y. + d.y. -T< 0 	Vj 	 (22) 
J J J J 	11 - 
where T
h 
= latest possible time for installing unit on-board. 
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> 0 	V i 	 (24) 
h 	h h 	f 
5 
t.x. + d.x. - T
h 	
0 V i 	 (25) i i  
In addition to precedence and schedule window constraints, the schedul-
ing decisions must be feasible with regard to the resource availabilities. 
Resource availability constraints are quite difficult to formulate in 
explicit terms, so the following approach is typically used (see, e.g., 
models in [5] and [10]). Define the following: 
A
e
(0 = set of outfit components being outfitted at time t 
A
u
(0 = set of outfit units being installed at time t 
r. 	= level of resource category c required by component i 
icu 
when outfitted on-unit 
r
icb 
= level of resource category c required by component i 
when outfitted on-block 
rich = level of resource category c required by component i 
when outfitted on-board 
icf = level of resource category c required to fabricate unit j 








= level of resource category c available at time t. 
Now the resource availability constraints are: 
(r. x. + r. x. + r. x.) + 
	
icu 	icb 	rich x.) 
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(t) depend on the scheduling decisions. In fact this is, to a certain 
degree, the nub of the resource constrained project scheduling problem. 
The constraints (1)-(26) can be shown to be redundant. For example, 
if the scheduling related precedence constraints, (11)-(25), are satisfied, 
then the selection related precedence constraints, (7) and (8), must neces-
sarily be satisfied. The reason for including the redundant constraints, 
(7) and (8), is to allow for solution procedures which try to decouple the 
selection and scheduling decisions. 
Since the criterion specified for the outfit planning problem is to 
minimize outfitting costs, define: 
C. = cost of outfitting element i on-unit 
iu 




Cih = cost of outfitting element i on-board 
C. = cost to install unit j on-block 
C. 	cost to install unit j on-board jh  








i  + Cih xi] 
+ 	[C.
b  y. + C y.]  jh 
3.2 MODEL EVALUATION 
A mathematical model has been developed to describe the outfit plan-
ning problem. This model is in the form of a mixed integer programming 
problem and, consequently, it presents formidable difficulties in solution. 
In fact, recent theoretical developments [27] have been interpreted as 
indicating that such problems (referred to as "NP-complete") cannot be 
solved optimally. Certainly it is true that, currently, practical prob-
lems of this ilk are not optimized. There are, however, a number of 
heuristic solution procedures which have been developed and used success-
fully to solve similar problems (e.g., see [36]). 
Obviously, the model by itself cannot lead to better outfit planning. 
What is required is a systematic implementation of the model. There are 
several requirements for a successful implementation of the model, and 
these can be more easily discussed by referencing the diagram of Figure 3.9. 
One of the requirements for a successful implementation is an appro-
priate methodology for solving the selection and scheduling problem for 
given milestone events and resource availabilities. As was indicated 
earlier, there is little hope for a general optimizing method for solving 








Solution / Project 
Procedure \ Status 
1 
/ 





Link; Input z 
Figure 3.9 Outfit Planning Process 
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heuristic. The soli_ition procedure does not currently exist - its develop-
ment is the focus of Phase II of this research project, and is discussed 
further in the following sections. 
The model requires large amounts of information and generates large 
numbers of detailed decisions. Thus, any practical implementation will 
require a fairly detailed, production oriented data base to support the 
solution procedure. Although many shipyards do not have such a data base 
at the current time, the SPARDIS system used by NASSCO [44] is one example 
of the type of system that would be required. 
A third requirement is that the outfit planning process could in fact 
provide all the information required in the model. It appears that a major 
shift from current practice would be the idea of allowing (and therefore 
planning for) several alternative ways to accomplish the outfitting tasks. 
In addition, the use of the on-unit, on-block, on-board approach to out-
fitting is not currently widespread, although it is being strongly sup-
ported as a means for improving productivity [8]. 
Given that the on-unit, on-block, on-board approach has been adopted, 
defining the alternative outfit activities discussed earlier should be 
straightforward, albeit somewhat time-consuming. Observe that to a large 
degree, the outfit elements are associated with particular blocks. There-
fore, the activity network resembles a large number of small subnetworks 
(one for each block) which are loosely connected by milestone events. It 
will be possible to "decompose" the network definition into smaller, more 
manageable tasks. 
Figure 3.9 also indicates how the model might be used in practice. 
The use of the model for planning the outfitting of a ship is self-evident. 
Probably as important is the use of the model to "replan" when there are 
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major deviations from the original plan. Such deviations might arise from 
bad estimating, from an excessive number of change orders, from bad weather, 
from unexpected demands on resources or from unexpected fluctuations in 
labor or resource availability. 
A final point of discussion is the benefit to be obtained by the use 
of the model. The foremost benefit of the model, per se, is tighter 
planning and control of outfitting, resulting in higher productivity (and 
thus lower costs). In project-type work, such as ship production, it is 
important to correctly estimate the labor content of the work and then plan 
the work so that labor resource utilization is maximized. As the example 
given earlier indicated, it is not always obvious, even in simple problems, 
how to accomplish this. The proposed model provides a systematic means 
for coping with and coordinating the vast number of relationships which 
simply cannot be handled by an unaided human planner. 
A secondary benefit from the proposed model is that it complements 
and strengthens the implementation of the on-unit, on-block, on-board 
approach to outfitting. It provides a systematic framework for identify- 
ing opportunities for on-unit and on-block outfitting as well as for deter-
mining the technical and economic feasibility. 
3.3 EVALUATION OF POTENTIAL SOLUTION APPROACHES 
The outfit planning problem as formulated in the preceding sections 
has not been treated previously in the literature of industrial engineering, 
operations research or management science. Although problems of resource 
allocation and problems of activity scheduling are often described and 
solved, the problem of simultaneously selecting the activities and schedul-
ing them in the presence of resource constraints apparently has not been 
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examined. There are, however, some models in the literature that are 
related to the outfit planning problem, and they will be discussed below. 
Since the problem has not been examined before, there is no available 
procedure which can be directly applied to solve the problem. Thus, the 
solution methodology will have to be developed. The following discussion 
is intended to indicate the existing results upon which that development 
can be based. 
It should be noted at the outset that the outfit planning problem is 
an extremely hard problem to solve. In the first place, it is a discrete 
optimization problem since it requires "yes-no" decisions about certain 
activities. In general, discrete optimization problems are hard to solve 
(see, e.g. [27] or [43]) and for many, if not most, no optimizing procedure 
is capable of solving problems of realistic dimensions. Secondly, the out-
fit planning problem is a generalization of the well-known resource con-
strained project scheduling problem. As Bennington and McGinnis [5], noted 
in 1973, no optimization algorithm is available which will solve this prob-
lem when more than about fifty activities are present. Although some work 
has been done since then, e.g. Talbot and Patterson [48], Stinson, Davis 
and Khumawala [47], the earlier conclusion is still valid. 
It seems clear, then, that there is little reason to expect that an 
optimization procedure can be developed to solve practical instances of 
the outfit planning problem. Thus, for the general problem, the discussion 
of potential solution approaches will be limited to heuristic methods. 
Only for certain special cases, e.g., when labor resources are not a limit-
ing factor will it be reasonable to attempt optimizing procedures. 
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3.3.1 Some Special Cases 
The following discussion identifies some of the simpler special cases 
of the general outfit planning problem. For each case, the relationship 
to existing work is discussed and potential solution procedures are out-
lined. 
3.3.1.1 No Resource or Lifting Capacity Constraints 
The simplest special case is based on the assumption that there are 
neither resource nor lifting capacity constraints. In this case the only 
factor affecting outfit planning is the time available for on-block out-
fitting. This special case strongly resembles the so-called "project 
coordinator's problem," or PCP, treated by McGinnis and Nuttle [35]. There 
are, however, major differences between the two problems. 
In the PCP, there is a single "deadline" for the completion of all 
selected activities, while in the outfit planning problem, there are 
"windows" during which certain activities must be performed, if they are 
selected. Also, the PCP permits only precedence and corequisite relation-
ships between the activities (activities are corequisite if selecting one 
implies the other must be selected). The outfit planning problem, however, 
has more complicated relationships among activities. 
Since each outfit component must be installed in some outfit mode, 
exactly one outfit activity must be selected for each component. This 
leads to what McGinnis and Nuttle [35] refer to as "mutual exclusivity" 
(at most one activity selected from a set) and "mutual inclusivity" (at 
least one activity selected from a set). McGinnis and Nuttle indicate 
that the presence of either type of relationships vastly complicates their 
problem, and, in fact, it is no longer solvable by their method. Thus, 
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even in this simplest special case, there is no currently available opti-
mizing procedure. 
In the absence of resource constraints, the decisions required for 
each block are independent. Thus, any optimizing procedure for this spe-
cial case should exploit the fact that the problem decomposes by blocks, 
i.e., the outfitting associated with each block can be considered indepen-
dently of all other blocks. The effect of this decomposition is to reduce 
a single very large discrete optimization problem to a set of smaller, 
hopefully manageable problems. 
Unfortunately, these smaller problems cannot be partitioned as is the 
PCP in the McGinnis and Nuttle procedure. The reason in the outfit plan-
ning problem, is that the selection decisions have an effect on scheduling; 
therefore, scheduling cannot be determined independently. Research will 
be required to discover whether or not the McGinnis and Nuttle procedure 
can be adopted for this case. 
3.3.1.2 Lifting Capacity Constraints but No Resource Constraints 
In this special case, it is assumed that the outfitted weight or size 
of some units or blocks might exceed the safe lifting capacity of the avail-
able equipment. As for the previous special case, the absence of other 
resource constraints allows the problem to be decomposed by blocks. As 
before, however, the resulting problem for each block is one for which no 
solution procedure is currently available. 
If the lifting capacity constraint applies only to the block itself, 
then it takes the form of the second budget constraint discussed by McGinnis 
and Nuttle [35]. Generalizing their observation, the selection problem 
for this special case resembles a knapsack problem [38] with precedence 
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constraints and generalized upper bounds [39]. It is reasonable to expect 
that such a problem could be solved using Lagrangian relaxation [18, 19] 
in conjunction with fast algorithms for the knapsack problem [3, 38]. Even 
if this proves possible, there is still the problem of optimally coordinat-
ing the selection and scheduling decisions. 
3.3.1.3 Some Observations 
In both these special cases, the problem decomposes by hull block, 
yet the resulting smaller problems are still not in a form for which opti- 
mization procedures are readily available. An appealing heuristic in these 
situations is to further decompose the problem as follows. Consider each 
mode or production stage in order (i.e., on-unit first, then on-block, then 
on-board). At each stage, solve an associated PCP using the procedure of 
McGinnis and Nuttle [35]. Any activity not selected becomes a candidate 
for a later stage. The function to be optimized should reflect the savings 
associated with not delaying the outfitting. 
This "stage myopic" approach to the outfit planning problem obviously 
yields only a heuristic solution, i.e., there is no guarantee of optimality. 
It does have one extremely desirable aspect, however; since it eliminates 
the complicating relationships, the procedures described by McGinnis and 
Nuttle can be applied directly. The approach would therefore be quite 
efficient from a computational point of view. Empirical studies will be 
required to determine the quality of the solutions obtained by such a 
heuristic method. 
3.3.2 The General Case 
In the general case of the outfit planning problem resource constraints 
are assumed binding, along with, possibly, lifting capacity and size 
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limitations. The block decomposition discussed above is no longer valid, 
and as a result, the solution procedure must consider not only the interac-
tion of selection and scheduling within a block but across blocks as well. 
As pointed out earlier, there are no readily available solution pro-
cedures which can be directly applied to the general problem. However, 
based on the existing literature, three potential heuristic approaches 
have been identified. Further research will be needed to determine which 
of these approaches holds more promise for solving practical instances of 
the outfit planning problem. 
3.3.2.1 Resource Constrained Project Scheduling Approach 
The literature on the Resource Constrained Project Scheduling Problem, 
or RCPSP, reveals no practical success with optimizing algorithms (see, e.g., 
the surveys by Bennington and McGinnis [5] or Davis [11]). Furthermore, 
the successful heuristic approaches all have the same basic structure, dif-
fering only in the implementation of one particular step. Thus, one 
approach to the outfit planning problem is to generalize this basic heur-
istic approach. 
The basic heuristic approach to solving RCPSP can be summarized as 
follows: 
(0) set t = 0 
(1) let S(t) be the set of all activities whose predecessors 
have all been completed by time t i.e., the activities S(t) 
may be scheduled to start at time t. Let a(t) be the vector 
of remaining uncommitted resources. If S(t) = cb, STOP. 
(2) Using rule [R], select a subset of S(t), call it S(t), such 
that every activity in §(t) can be scheduled to start at time 
t and the required resources will not exceed a(t). 
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(3) For each activity in S(t), let its start time be t. Deter-
mine T to be the earliest completion time for any activity 
in process or scheduled to start at time t. 
(4) Set ti-T ; go to (1). 
A number of rules, [R] have been proposed, but none of them is best for 
all problems. Davis [11] summarizes the work up to 1972 and, more recently, 
Cooper [9] has evaluated a set of 26 different rules. 
This basic heuristic can be generalized quite easily for the outfit 
planning problem by permitting the scheduling and selection decisions to 
be made simultaneously. As an activity is selected in step (2) to be 
scheduled, all its alternatives are dropped from the network. Obviously, 
the key in this approach to devising an effective heuristic is the spe-
cification of the rule [R]. In particular, it is desirable to choose the 
"most valuable" subset §(t) which still "fits" within a(t). If a "value" 
can be associated with each activity in S(t), then, conceptually, rule [R] 
involves solving a multi-dimensional knapsack problem. 
3.3.2.2 Selection-Scheduling Partitioning Approach 
An alternative to the above simultaneous approach is to iterate 
between solving a selection problem and a scheduling problem. In this 
approach the selection problem attempts to maximize the value associated 
with the selection decisions. Given the selection decisions, the schedul-
ing problem attempts to find a feasible schedule. If no feasible schedule 
can be found, the "values" must be adjusted in some manner and the selec-
tion problem resolved. 
In this approach, the key element is the adjustment of the values, 
i.e., the coordinating mechanism linking the two decisions. Since the 
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approach is iterative, it would seem to require more computational effort 
than the RCPSP based approach. On the other hand, since it allows adjust-
ments, it would seem also to have greater capacity for finding good solu-
tions to the problem. 
This approach has one other potential advantage relative to the RCPSP 
based heuristic. The heuristics for solving RCPSP typically do not con-
sider the trade-off between activity duration and the level of resources 
committed. The partitioning approach, however, could admit any reasonable 
scheduling procedure, in particular, one which explicitly allowed for such 
trade-offs. 
3.3.2.3 Block Decomposition Approach 
The resource constraints tie the decisions for different blocks 
together, preventing the type of block decomposition which was discussed 
for the special cases. One way to overcome this difficulty is simply to 
allocate the available resources (e.g., labor) to each block in each pro-
duction stage. Within this allocation, the selection and scheduling 
decisions would attempt to maximize resource utilization. As for the par-
titioning approach, some coordinating mechanism would be required to allow 
the allocations to be adjusted if necessary. Thus, the decomposition 
approach would also be iterative. 
The decomposition approach has some of the same desirable aspects as 
the partitioning approach. It is iterative and therefore should have a 
better chance of yielding good solutions. Conceptually, there is no rea-
son to exclude the duration-resource level trade-offs in this approach. 
In addition, the decomposition results in smaller, more manageable selec-
tion and scheduling problems. It is conceivable that an optimizing 
procedure could be developed for these smaller problems, in which case, 
this approach would appear to be more promising than the other two. 
3.3.3 Discussion 
The outfit planning problem is a difficult problem to solve, and, 
moreover, has not been previously addressed in the literature. Even for 
some very simple special cases, no solution procedure is available. Pro-
mising approaches have been identified for the special cases and for the 
general problem. In some instances, the approach is related to, or a 
generalization of existing procedures, although this is not so for all. 
In the absence of empirical evaluation, little can be said about the 
effectiveness of the proposed solution procedures. 
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4.0 DESIGN OF TESTING PROCEDURE 
The decision support system is intended to aid shipyard production 
planners in the planning for and scheduling of outfitting tasks and mate-
rials. Both the planning and the scheduling must be emphasized for each 
represents an important use of the system. Initial systematic planning 
of ship production at the strategic shipyard loading phase must neces-
sarily include outfitting resources as these are significant elements of 
the complete process. Similarly, the capability to assess and re-assess 
schedules for outfitting with consideration of work progress, labor avail-
ability, lifting capacity and other changing resource constraints as well 
as bad weather delays is important in a tactical sense. Each type of use 
requires significant information and, with a system model based upon a 
Deterministic Activity Network formulation, will require computer 
resources. 
The purpose of the testing outlined in the following discussion is 
to establish the validity of the conceptual approach to outfit planning. 
The fundamental method for doing so involves experimental computer soft-
ware and a simulated outfit planning environment. More specifically, the 
focus of testing is on the solution procedure (yet to be developed) and 
the type of results obtained from the procedure. At this time, the sup- 
portive computer-oriented resources, such as large-scale data base manage-
ment systems, are not to be evaluated. 
4.1 BENCHMARK PROBLEMS 
Thorough testing of the system under development is necessary both for 
a system validation purpose and for a demonstration purpose. Since com-
pletely serving both purposes may consume excessive resources from a 
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limited budget, it is necessary to set priorities. Accordingly, the vali-
dation assumes a first priority and demonstration activities a second 
priority. It is to be noted that these are not mutually exclusive purposes 
and that this is reflected in the following material. 
System validation requires that the computer implementation be tested 
so as to provide confidence that it presents logical solutions to the prob-
lem addressed. The problems addressed are to be of reasonable size and 
reflect the expected applications. Further, the problems should be of 
such a nature as to adequately exercise capabilities of the methodology 
imbedded in the code and the model. System validation can therefore be 
accomplished by use of hypothetical ship production data. Such data need 
not be accurate (in the sense of the real world of shipbuilders), but the 
computer code must deliver results consistent with the data supplied to it. 
Considering the demonstration purpose that the system testing could 
serve, several options oriented around making the hypothetical data more 
reflective of the real world have been pursued. These range from using 
actual ship production data, suitably masked, from a cooperating U.S. 
shipyard to exploring the collective experience of selected shipyard pro-
duction planners at certain points in the test process. Requests for col-
laboration were made to numerous U.S. shipyards with a general description 
of the information needs and the confidentiality protection provided (see 
Appendix). 
In view of the testing priorities, the lead times for developing or 
collecting the testing data and the results of the requests for collabora-
tion, the hypothetical ship production data will be developed for the vali-
dation testing. To the extent that individuals agree to share their judge-
ments in the form of responses to direct questions, these data and testing 
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approaches will be modified to point toward servicing the demonstration 
purposes noted earlier. 
4.2 CRITERIA FOR EVALUATING TEST RESULTS 
Shipyards consider the minimization of outfitting costs and the mini-
mization of total production completion time important goals of production 
planning activities. The Advisory Committee reported the outfit cost cri-
terion as paramount to an outfit planning function in the current context 
of shipyard organization. The total production completion time and total 
production cost criteria extended beyond outfit planning to include other 
organizational responsibilities. 
The use of hypothetical ship production data means that comparison of 
test results with actual outfit costs of production will not be possible. 
The absence of this specific point of comparison, namely the results of 
currently utilized systems to achieve outfit plans, diffuses the nature 
of a specific performance standard for the model. The problem of evaluat-
ing benchmark problem test results from hypothetical input data is there-
fore more complex, in the sense of being less reducible to an overall mea-
sure, and must necessarily rely upon the analyst's assessment of the proper 
conclusions drawn by the model from the information supplied to it. The 
testing effort must therefore concentrate upon exploring the ranges of 
model parameters and reporting the results fully. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 
A significant portion of the planning and construction of ships is 
associated with outfit materials, and as a result, outfitting is a major 
component of production costs. As this report demonstrates, the outfit 
planning problem can be conceptualized as a problem of selecting and 
scheduling activities in a deterministic activity network. 
Formalizing this conceptual model leads to a very difficult optimiza-
tion problem, and recourse to heuristic solution methods is required. 
Because of the magnitude of the problem and the complexity of potential 
solution procedures, any practical implementation will require the use of 
computer facilities. This requirement is further strengthened by the quan-
tity of data used in the model and the number of detailed results produced. 
The major result of this research effort has been the development of 
a formal mathematical model of the outfit planning problem, and the identi-
fication of several promising approaches for developing solution procedures. 
In addition, a program has been outlined for experimental evaluation of 
the model. 
The next step in the research is to develop one or more of the possi-
ble solution procedures to the point where they can be implemented in com-
puter codes. At that point, a suitable benchmark problem should be used 
to exercise the model in a variety of ways for formal evaluation. This 
evaluation should indicate whether or not it is appropriate to pursue 
a production-level implementation. 
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APPENDIX A 
BENCHMARK PROBLEM SPECIFICATIONS 
(MarAd Research Contract on Outfit Planning) 
I. Introduction 
The Maritime Administration currently sponsors research in outfit 
planning. This research is intended to assist U.S. shipyards in the plan-
ning for and scheduling of increased levels of outfitting earlier in the 
production process. It is described as a "Decision Support System for the 
Outfit Planning Problem" and is being developed jointly by the Georgia 
Institute of Technology and the University of Massachusetts. 
It is important to the research project that thorough large -scale 
testing be done on the system under development. Successful testing is 
viewed as prerequisite to demonstrating the system's utility and effective- 
ness to the shipbuilding industry. The research team is interested in  
identifying a project which will serve as a benchmark problem in the test- 
ing effort to be conducted in 1980. A general description of the data 
specifications is developed in the following sections as indicative of 
the type of data needed. 
II. Specification 
The general model on which the system is based is the Critical Path 
Model (i.e. CPM) for activity networks. Thus, outfitting activity rela-
tionships are characterized as a CPM activity network with man-hour esti-
mates by category for each activity. These activities and resource esti-
mates represent the essence of the data needed. 
A. CPM Activity Network-Outfitting  
Event - a discrete point in time denoting the specific starting or 
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ending point for an activity or group of activities. 
Activity - the work necessary to progress from one event to another. 
Activities are operations which consume outfitting time, money 
or manpower and would generally coincide with the outfit work 
package or outfit work order (i.e. the work described on a 
single drawing, or portion thereof, to be done by a single 
craft in a single geographical area of the ship or shop). 
Shipyard work orders usually aggregate individual tasks to 
a level averaging 200-300 man hours, though individual work 
orders may range from 10 to 2000 man hours. 
NOTE: The specification of activities would ideally be 
at a level of craft man hour loadings more detailed 
than the work order level. This would allow for 
the possible division of work order tasks for 
rescheduling by the system. 
Dependencies - the relationship between the activities in a project 
typically resulting from the precedence of the elements in 
a production method but also arising from considerations of 
access and congestion, common equipment requirements by 
activities or common facilities requirements for activities. 
NOTE: These latter types of dependencies reflect the 
scheduling issues with limited resources devoted to 
accomplishing the activities. Where possible, these 
types of dependencies should be separately identified 
from those due to the requirements of the work method. 
B. Network Size  
The number of activities in a CPM activity network is frequently 
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used as the measure of the network size. The varied ship production 
projects of the shipbuilding industry could be viewed in terms of the 
number of outfitting activities in each. A natural problem that 
arises for testing is that of one yard's small project being another 
yard's large project. It is difficult to define the size of the net- 
work needed for test purposes since each shipyard's view of an adequate 
test problem size will likely differ. Therefore the best that can be 
stated at this time is that the test problem network should be suffi-
ciently large so as to be realistic in the sense of reflecting signifi-
cant investment in time and materials while engaging various constrain-
ing limits such as lifting capacities and craft manpower availability 
at that shipyard. At the same time, the test problem network should be 
small enough to be manageable by limited research staff. It is antici-
pated that the easiest form for data transmission will be magnetic com-
puter tape or computer cards. 
C. Auxiliary Information  
The decision support system resulting from the research will go 
beyond the typical CPM system capabilities in terms of decisions 
reflecting realistic shipyard constraints on resources. The research 
team can create the auxiliary data needed to test the decision support 
system in this regard, but the realism of actual shipyard data improves 
the realism of the testing program. Thus, certain data in addition to 
the CPM activity network and man hour estimates would be desirable and 
would enhance the testing. 
This data includes the following: 
1. On-Unit - "outfitting on-units is the assembly of an interim 
product consisting of manufactured and purchased components . . 
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includes all but final paint coat. Units are composed exclusively 
of outfit materials and do not incorporate any hull structure."
1 
 Units are planned for production in such a manner as to gain maxi-
mum benefit from a logical work method considering the labor and 
equipment capabilities in the yard. Where outfit activities are 
collected into units by the shipyard, data which defines the units 
in terms of location produced, weight of unit, activities included 
(along with man-hour estimates per activity),weight added by each 
activity, and precedence relationships would be very useful. 
2. On-Block - "outfitting on-block is the installation of outfit 
components, perhaps units, onto a hull structural assembly or 
block prior to its erection."
2 
 Units, along with additional out-
fit activities, are often collected and done on-block. Similar 
information to that associated with unit production, i.e. location 
of production, weight of block, outfit activities and units 
included, weight added by each activity and unit and the prece-
dence relationships would be desirable. 
3. Maximum Safe Lifting Capacity - a resource that often limits the 
production process in shipyards in the capacity to lift and hold 
various units or blocks into place. Thus, for the various loca-
tions where unit and block production takes place, data on the 
maximum safe lifting capacity is needed. 
4. Erection Schedule - outfit activities have historically been per-
formed as access to blocks permitted or delayed to be done 
1Chirillo, L. D., "Outfit Planning," Draft, pp. 1-5. 
2
Ibid., pp. 1-5. 
